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Ternary Mutual Diffusion Coefficients
of NaCl—SrCl?—HvD at 25°C. I.
Total Concentrations of 0.5 and 1.0 mole+dm™>
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Abstract

Mutual diffusion coefficients have been measured for aqueous NaCl-SrCl2
mixtures at 25°C by using free diffusion Rayleigh interferometry. These
diffusion experiments were done at tota.. molarities of 0.5 and 1.0

mol-dm-3 and with molarity fractions of 1/3, 1/2, and 2/3. Main term
diffusion coefficients for NaCl and SrCJ.2 show a 10-15% variation with
concentration and composition. Coupled diffusion is important for these
systems, with cross term diffusion coefticients being 6.5-36% as large as
their corresponding main terms. At a counstant molarity ratio, doubling the
concentration causes cross-term diffusion coefficients to increase.
Attempts to estimate the ternary solution diffusion coefficients from those
of their corresponding binary solutions or from the ternary solution

analogues of the Nernst-Hartley equation do not yield particularly accurate
results.



1. Introduction

Mutual diffusion coefficients of aqueous electrolytes are required for
understanding and modeling a wide variety of chemical, geochemical, and

industrial processes. Mutual diffusicn coefficients are also part of

the input information required for calculation aof the ignic Onsager !.j
transport coefficientsB’a and also velocity correlation coefficients.

These experimentally based !ij and vce vialues are needed for comparison
with and as a guide for theoretical calculations, and to test approximation
methods.

A fair amount of accurate mutual diffusion data are available for bimary

aqueous metal chloride and sulfate solutions at 25°C. See references 6-10

11-14
a

and references cited by them. Data at other temperatures Te

extremely limited. Data gaps are much rore severe for ternary electrolyte
solutions, since, in most cases, only a few compositions have been
investigated and then only for a limitecd number of systems.

The greatest amount of ternary aqueous electrolyte diffusion data exists

for mixtures of 1-1 electrolytes. Systems with accurate data are
~14 -
NaCl—KCl—H20 with six compositions,15 1 one composition each of

LiCL-KC1-H,0 and LiCl-NaCl-H.0,"”>2C
(Csz)aNBr-KBr-HZO,2l one composition of (02H5)ANC1-KCI-H20,22 four
compositions of BuaNBr—KBr-H 0,23 one composition of BuaNBr—HBr-H,ZU,24 one

composition of KBr-HBr-H20,2 , thirteen compositions (all but two very dilute) of

KCl-HCl-H20,26’27 three compositions of NaCl—HCl-H20,26 and four
28

compositions of choline chloride-HC1-H.73. Data also exist for several

compositions of mixtures of 1-1 electrclytes with weak acids, amino acids,
9,29-35

fo.r compositions of

or organic nonelectrolytes.

Experimental data are even more sciarce for ternary solutions involving

one or more higher valence electrolyte:. Eight compositions of
NaZSOa—HZSOa-HZO%f37 have been studied using Gouy interferometry

and conductometric measurements, as have eighteen compositions of

HBPOA_CE(HZPOA)Z—HZO by Gouy interferonetry.38 Six dilute compositions of

NaZSOB—NaOH—H2D were also investigated using the conductometric method.39



Diffusion data for three compositions of NaCl-MgClz-HZO were reported

using diaphragm cells;40 however, such neasurements yield integral

diffusion coefficients that must be differentiated to yield the desired
mutual diffusion coefficients.' This ditferentiation produces large
uncertainties and potentially serious errors in the calculated mutual
diffusion coefficients. We have also reported mutual diffusion data for one

composition each of NaCl-MgCl.,-H,0 and hMaCl-Na Soa-H 2

27H5 2 20-

Mutual diffusion data for NaZSOA-HZEOA-HZO should be highly

atypical owing both to strong ion-pairirg and bisulfate ion
36,37,41

3P04'Ca(H2POA)2-H20‘
Thus, only very limited accurate diffusion data are available for mixtures
involving higher valence strong electrolytes. Conseguently, very little
information is available for guiding the development of the theories of

Onsager Qij and velocity correlation coefficients.

formation. Similar consideraticns apply to H

To provide some of the critically needed data for mixtures involving
higher valence electrolytes, we began measuring mutual diffusion
coefficients at Lawrence Livermore Naticnal Laboratory. Systems being
systematically investigated are NaCl—SrClZ-HZO (which has waste
isolation applications), NaCl-MgClZ-HZO (which has applications to
seawater and concentrated brines), and ZnClz—KCl—HZD (which has
applications to zinc-halogen batteries). Here we give diffusion data for

six compositions of NaCl-SrClz-HZO with total molarities of 0.5 and 1.0

mol-dm_3 at 25°C by using Rayleigh interferometry. These measurements
will later be extended to higher concentrations. Osmotic/activity
coefficient data are also required for ¢ detailed irreversible
thermodynamics analysis of these systems; we have measured and reported
isopiestic data for NaCl-SrClz-HZD and MaCl-MgClz-Hzo.az’43

It should be noted that two electrolytes with a common ion in an
essentially non-ionized solvent such as 4,0 form a ternary solution for

2

diffusion. Two electrolytes without a cammon ion in H20 form a quaternary

solution for diffusion.



2. Experimental Measurements and Soluticns

Our mutual diffusion coefficients were measured at 25.00+0.005°C using
a modified Beckman-Spinco model-H electruphoresis apparatus operated as a
free-diffusion Rayleigh interferometer. The optics of this apparatus were
realigned and upgraded to improve and opf.imize the Rayleigh

7,44
measurements.

All diffusion measurements were performed in a cell
with walls of Ta-metal (which is quite inert to chemical attack) and windows

of one cm thick optical glass.

The magnification factor MF of our optical apparatus was determined to
be 1.00502110.000037 by photographing a transparent ruled scale in the
center-of-cell position, and then comparing the scale separation on the
glass photographic plates to their corresponding separations on the original
scale.7 The measured optical constant L:(4.1255i0.0003)x10-5
cm -min-mm-z-s-l, required for calculating the diffusion coefficients,
depends on (MF)2 so its relative uncertainty is twice as large as for MF.

Two concentrated SrCl2 stock solutinns were prepared by dissolving
Baker analyzed "low in magnesium" SrClz-6H20(cr) in purified water
followed by filtration. This water had been purified by deionization
followed by distillation. Ternary solutions were then prepared by weight
using samples of SrCl2 stock solution, »ven-dried NaCl (Mallinckrodt
analytical reagent or Baker anmalyzed), and H20. All weights in this study
were converted to weights in vacuo. Direct current arc optical emission
spectroscopy of the original SrC12-6H2C for impurities indicated 30

ppm Ca, 50 ppm Ba, 10 ppm Al, 2 ppm Fe, and <10 ppm each Mg and Si by weight.

The concentrations of our SrCl2 stuck solutions were determined both
by dehydration of samples to constant veight at 230-300°C, and by conversion
to the anhydrous sulfate at 410-550°C. Triplicate samples were used in each
case. Stock solution #1 had a concent:ation of 3.1721%0.0007 mol-kg-l
by dehydration and 3.1728:0.0007 by corversion to sulfate; stock #2 had a
concentration of 3.3669+0.0008 mol-kg_' by dehydration and 3.3676%0,0011 by

conversion to sulfate. These uncertaity limits are mean deviations. Mean



analyses were used for calculating ternary solution concentrations. Assumed

molecular masses are 158.526 g-mol_l for SrC12, 183.678 g-mol'1

for SrSOa, 58.443 gomol—l for NaCl, and 18.0152 g-chl-1 for H20.
Details of the cell filling and diftusion measurements are given

elsewhere.7 Concentration gradients were kept small enough that the

calculated diffusion coefficients are on the volume fixed reference frame

and are differential diffusion coef‘ficitents.9

Our solutions were prepared by mass. so their concentrations are known
on the molal scale. However, Fick's laws apply to the molarity (volumetric)
concentration scale, so densities are needed to perform this conversion.
They were measured to 2—3x10_5 g-(:m_3 al. 25.0010.005°C by using two
=31 cm3 single stem pycnometers that had been calibrated 7 or 9 times by

. . . . 45
using purified water. Details of the pirocedure are given elsewhere.

Densities were measured for all of the solutions used in our diffusion
experiments, and for 1-3 other compositions close to each mean molarity
composition. These density data at eact of the six overall compositions

were represented by the Taylor series e;pansionA6
»* » »*
d=d + Hl(cl—cl) + HQ(CZ'CZ) (1)

where d is the density in g-dm—3, Ci the molarity of salt i in

mol-dm'3, 1 denoies NaCl, and 2 denotes ErClZ; The expansion

concentrations C; were fixed by making (L +Cy = 0.50r 1.0

moledm=3 exactly, and these c; were very close to the actual

overall mean experimental molarities éi for each overall composition.
Table I contains the observed parameters for eq. 1, and the standard

deviation of the density o(d) for that fit. The actual experimental

densities will be published elsewhere, zlong with data at other

concentrations.47 Also given in Table 1 are the partial molal volumes Vi
1

in cm3-mol_ . The solvent is denoted by 0. These density values are
needed for conversions of concentration scales, for diffusion coefficient

3-5,9,1C,48

reference frame transformations, and for tests of the static

and dynamic stability of the solutions L dergoing diFfusion.a9



Tables II-VII contain the individual concentration data for each
diffusion experiment. Values of Ei are 1he average molarity
concentrations for a single diffusion experiment, and the Ac.1 are the
concentration differences of salt component i across the initial boundary.
Four or five different diffusion experiments were performed for each overall
composition at nearly identical cj,c, bu: with different Acj.
Experiments were generally performed wit. either Acl or Ac2=0 (and the other
Aci>0), and for two or three intermediatz concentration differences (Acl,
ACZ)O)' The Aci values were fixed so as to have about 80-90 Rayleigh fringes in
each experiment.

Each diffusion pair in Tables II-VII is initially density stable, but
the possibility existed that it could become statically or dynamically
unstable during diffusion. Calculations using the detailed theory for
convective instabilities49 indicates all of our chosen Aci ratios were
stable. In fact, all cases with Ac >0 &@nd Ac_>0 are stable at the

1
six overall compositions used in this sifudy.

2

3. Calculation of Diffusion Coefficien s

The positions of the Rayleigh fring:s on the photographic plates were
determined to 1-2 microns using a Grant comparator. Diffusion coefficients
were then calculated using symmetrical "Creeth™ pairing of Fringes.50
This type of fringe pairing cancels out the largest optical aberrations51
(including the Wiener skewness which would otherwise remain for a
center-of-cell focus),aa and also most of the effects of the concentration
dependence of the diffusion coefficients between the top and bottom
solutions of the diffusion pair.52 Fringe position data were baseline
corrected for minor imperfections in tte ogptical flats forming the front and
back of our cell as well as other optical components of the system.

The fringe pairs used in calculating our diffusion coefficients were
determined by using the fixed cut-off criteria given by 0.28¢|f(j)1€0.84.
Here, f(j) is the reduced fringe numbe: defined by

F(gy = 2424 (2)



where j is the number of an individual fringe and J is the total number of
fringes. The higher cut-off criterion =liminates the outermost fringes of

the diffusion pattern which are broader and more strongly sloped, and
2,14

therefore, harder to center accurately.
The lower cut-off eliminates the inner rringes whose separations are too

small to allow precise f(j) values to b: determined.

By using fixed cut-offs for f(Jj), a consistent calculation can be made
of the At time correction for skewed fringe patterns from each diffusion
experiment;2 Each At value is the sum of two separate factors: (1) the
initial diffusion boundary is not the idieal case of being a step-function of
concentration; its finite width correspinds to an effective time it would
take for an infinitely sharp boundary t: diffuse to the actual initial
boundary width;'(2) there is also a sliiht time delay between when the
siphoning needle is raised and the reservoir stopcocks closed, and when the
timing clock is started. The sum of these two terms, At, is obtained by
plotting the apparent diffusion coefficient D' against 1/t'. Here t' is the
apparent or clock time, and it is equal to t-At where t is the "true time"
for diffusion from an infinitely sharp l>oundary. The D' vs. t' plot is a
straight line and its slope yields At. 1Its intercept, the apparent
diffusion coefficient extrapolated to ii-finite time, would be the "true"
diffusion coefficient D for a binary solution. In a multicomponent mixture,
it is the pseudo-binary D.

For a series of diffusion experimen:s at the same overall composition,
the total number of Rayleigh fringes car: be represented by

J = RlAcl + R2Ac2 (3)
where the Ri are refractive index increments. These Ri values are

obtained by least-squaring values of J as a function of the initial Aci

for all the experiments with the same overall composition. Also of interest

are the fractional refractive index coniribution of each electrolyte to the
total number of fringes

ui = RiACi/J (Q)



Diffusion in a ternary solution is gcverned by Fick's First Law

acl ac2
=) = 0GR DG )
and
acl ac2
=35 = Dy (57) + Do (6)

where Ji is the flow of electrolyte i, c. the molar concentration of
el;ctrglyte i, the Dij are the four ternary diffusion coefficients in
cm“es ~, and x is the vertical distance downward from the center of
the boundary.a D,, and D., represent the diffusion coefficients of

11 22
electrolytes 1 and 2, respectively, eact due to its own concentration
gradient. Cross-term diffusion coefficients, D,, and D arise from

12 21’
coupled flow of one electrolyte caused ty the gradient of the other

electrolyte.

For Rayleigh interferometry with the free-diffusion boundary conditions

used in our experiments, the reduced fr.nge number is given by53’sa

f(j) = (a+bal) erf(s+yj) + (l-u—bal) erf(s_yj) D)

Here yj is the reduced position of an irdividual fringe, defined by

_ 1/2
yj = xj/(Zt ) (8)

where xj is the distance in cm of fring: j from the center of the boundary
at time t.

_The quantities s+ and s_ are functions of the Dij’ whereas a and b

are functions baoth of Dij and Ri' Consequently, the D, . can be

back-calculated froma, b, s , s , R, end R .53

+ - 1 2



Equation 7 is non-linear in terms of the experimental variables j, J,
Xj’ and t, as well as the derived quantities a, b, S, and s . It can
be fitted to the experimental variables by a standard iterative

least-squares procedure, based on its Tiylor series expansion with respect

to a, b, S, and s_. If these variable: are denoted by 95 then
. Lo Y ar),e
FG) = FC3) + 1 (gD Ag, (9)
i-1 99

where the super "°" refers to that particular function evaluated at some
chosen initial values for the least-squares variables. In the majority of

cases (including the six compositions o~ NaCl-SrClz—HZO reported here),

suitable initial values of a, b, s,» anc s_ are o, 1, 011/2, and
051/2, respectively. Here, D1 is the pseudo-binary diffusion
coefficient of a diffusion pair with Acnzo, and 02 is the
pseudo-binary diffusion coefficient of & diffusion pair with Acl=0.

Least-squaring the various fringe positions for two or more diffusion
experiments with the same overall average composition gives Agi. New
"initial" values (gi+Agi) are substituted into equation 9, and the
procedure repeated to obtain new Agi. 1hese iterations continue until
all Agi €0.0001. This non-linear least-squares procedure usually
converges in 3-7 iterations. A 20 rejection criteria was used for
individual f(Jj) points.2 Baseline corrections were made. Although, in
principle, two experiments would be sufficient to characterize all four
least-squares variables, we did 4-5 diffusion experiments for each overall
average composition in order to improve :he statistics of the calculations,
to verify that there were no instabilities for any of our Acl/Ac

2
ratios, and to locate and eliminate an cccasional inaccurate experiment.

Tables II-VII contain the concentration information for sets of
experiments performed at each overall average composition. Also given are
the starting time corrections At, the experimental J values, and
least-squares values of J from eq. 3. Tables VIII and IX give the resulting
volume fixed diffusion coefficients Djj along with their standard le¢ errors,
values aof Ri’ values of s, and s_, and vilues of mi(El,Ez) which are the

average molalities corresponding to the :verage molarities ¢, and C.,.

1 2



These mi(él,éz) values are needed for ca culation of activity derivatives for
a detailed irreversible thermodynamics analysis of diffusion data, since the
activity coefficient equations are all oir the molal concentration

42,43

scale. Also given in Tables VIII and IX are the calculated

solvent-fixed diffusion coefficients D;j; values on this reference frame are

more readily amenable to an irreversible thermodynamics analysis.a

Tables VIII and IX also contain values of SA which was defined by

Fujita and Gosting.55 SA depends on the Dij’ Rl’ and R2. Systems
with lSA|<15 have increasingly large uncertainties for Dij; rather
larger values of SA as found here are ccnducive to more accurate

extraction of the four Di"

The results in Tables VIII and IX show coupled diffusion is important
for these systems. Cross terms vary from 6.5-36% of their corresponding
main terms.

4. Discussion of Results

Figures 1-3 show the Djj values for NaCl-SrClp-H,0 at constant
total molarity (El+22 = 0, 0.5, and 1.0 moledm-3, respectively) as a
function of the molarity fraction of Nall in these solutions. Values at
infinite dilution, i.e, 31+32:O, were cilculated from the ternary solution
analogues of the Nernst-Hartley equatiow? These diffusion coefficients at
infinite dilution can be calculated exactly, using only the limiting ionic
electrical conductances56 and certain fundamental constants. Only the
qualitative features of the infinite dilution curves are retained at our
higher concentrations of 0.5 and 1.0 mcL'dm-B. Particularly noteworthy
is that the Nernst-Hartley analogue ternary solution equations predict that
D12 will become very large as Ell(él+é:)_)l’ and this has been amply
confirmed by our experiments.

At higher concentrations we do not know all of the Dij over the full
concentration range, but only over the actual experimental concentration
range. However, two of the diffusion coefficients Dij can be obtained at
each end of the composition range. Lef wi:Ei/(él+éz). Then, as wl-)l, D
becomes equal to its pure binary solut .on term evaluated at the total
molarity, and DZl goes to zero since tl'ere is no solute 2 to be

11

-1 0-



10,15

transported by salt 1. However, D.., approaches a large finite

12
value as wlzl and 022 becomes equal to the trace diffusion coefficient

2—)1, 022
to its corresponding binary term, D12 goes to zero since there is no solute

1 to be transported by salt 2, and D

of cation 2 under these conditions. Similarly, as w becomes equal
11 becomes equal to the trace diffusion
coefficient of cation 1. The virtually identical values of D,, and D,, at

11 22
El+62=0 and w1:0 are fortuitous for this system.

Experimental values of Dij are very smooth functions of wj at
constant El+62, figures 2 and 3. Howev:ur, D12 either shows a small amount
of scatter or exhibits a more complicatzd, s-shaped concentration dependence
not present for the other three Di"

We cannot obtain 022 and 012 as wl-:l, or Dll and 021 as w1->0, at
finite total concentrations either from the present data alone or from
theory. To characterize their behavior in these composition regions would
require a number of additional and time consuming experiments. The
infinitely dilute solution prediction tiat 022 and D12 CIoss as w1
approaches 1, figure 1, also may occur ..t the higher concentrations. It
appears to be nearly true, as indicated by a rough extrapolation of

experimental trends outside our present experimental concentration range.

The experimental Dij values in Table:s VIII and IX also contain their
corresponding standard errors o. One tl'ing should be noted about these o
values: at constant ¢.+¢ , as wl-)O the o values generally increase

172
significantly, especially for the main ierm coefficients Dll and 022. A main
factor causing this is as follows. Four distinct coefficients Dij need to be
extracted from a series of 4-5 experiments with various Acl/L\c2 ratios

but nearly identical El and 62. If Dll and 022 show significant differences
in numerical values, and one or both of the cross term coefficients are
small, then the four diffusion coefficients can easily and accurately be
extracted. However, if Dll and 022 are close in value, especially if

one or both cross term coefficients are small, then the system behaves
almost like a binary solution during diffusion. Thus, trying to extract
four correlated coefficients from these 2xperiments becomes more difficult
and the uncertainties become much larger. A more exact way of stating this
is that the uncertainties increase as tt 2 eigenvalues of the diffusion

matrix, l/sf and 1/5%, approach each otl ar.

-11-



Doubling the total concentration from ¢,+¢.,=0.5 to 1.0 moledm > caused

1 72
a significant increase in Diz and 021 at all molarity fractions, and a
significant decrease in Dll; much smalle: effects occur for 022' At a

constant total molarity, increasing Wy causes both main and cross term
coefficients to increase regularly for salt i, whereas those for the other
salt decrease as Wi increases. Obviously, if we look instead at the other
salt (denoted by j), then the above also holds true as wj->l.

5. Estimation Methods

The most accurate experimental methods for determination of mutual
diffusion coefficients at low to high ccncentrations are optical
interferometry (mainly Rayleigh and Gouy 0ptics),9’10 and, at low to very
low concentrations, is Harned's conductcmetric method.27’39’56 Diaphragm
cell measurements, which are usually dore with large concentration gradients,
can yield precise integral diffusion coefficients. However, these integral
diffusion data must then be differentialed to yield the desired mutual
diffusion coefficients. For binary solutions under very favorable conditions
of concentration dependence, errors for mutual diffusion coefficients from
diaphragm cell measurements are several times larger than for optical
measurements. For unfavorable concentriation dependences, the diaphragm cell
values have errors 10-100 times as largw.s’la It is clear that diaphragm
cell measurements for ternary and highe: order systems are usually of
questionable value at present. Modificitions of the diaphragm cell method,
using much smaller concentration gradie-“ts, are currently being developed and
may significantly improve the accuracy if derived diffusion coefficients for
that method.57

Diffusion measurements using optica. interferometry involve much
painstaking and tedious experimental work. Consequently, few experimental
groups do such measurements, so relatively little reliable ternary solution
diffusion data are available, as noted in the Introduction. Tt is thus highly
desirable to try to develop reliable apgproximation methods to estimate
multicomponent diffusion coefficients. Obvious starting points for such
methods are the corresponding binary sclution diffusion coefficients, Onsager

Qij transport coefficients, or ionic psrameters such as the limiting ionic
conductances.



One estimation approach is to equate the main term diffusion
coefficients to their corresponding birary solution diffusion coefficients
at some kind of comparable concentraticn. That involves setting cross term
diffusion coefficients equal to zero. This is a major deficiency of that
approach, because as we have seen, Tables VIII and IX and figures 1-3 show
large cross term diffusion coefficients at certain overall concentrations
and salt ratios.

There are obviously many "comparable concentrations" which could be used
to estimate the main term diffusion coefficients from their corresponding
binary solutions. Examples are constanl. total molarity, constant volumetric
ionic strength, constant volumetric equivalents, constant total molality,
constant molal ionic strength, etc. 1In this paper we will only consider
constant volumetric ionic strength. Afler we have reported additional data
for other concentrations, we will test :ross-plotting these results on
different concentration scales to determine which one yields the more

accurate mixing rule.

A second approximation method is to use the ternary solution analogue of
the Nernst-Hartley equation, which is based on limiting ionic electrical
conductances.a It is completely accurate at infinite dilution. As seen
in figures 1-3, it also seems to give fair qualitative predictions at higher
concentrations. However, at constant W it incorrectly predicts that
Dij do not depend on total concentration whereas they do as shown in
Tables VIII and IX. It is possible to nodify this equation using other
terms such as activity coefficient term: or relative viscosities to
partially compensate for the observed c:ncentration dependences. Owing to
the non-rigorous introduction of these :erms, we will only use the simple
Nernst-Hartley limiting equations for Dij here.

In a third approach, Miller describ:d several methods for estimating
Dij for 1-1 electrolyte mixtures from binary solution data using the
solvent-fixed generalized Onsager transport coefficients Qi..
However, as indicated by equations 36-4 . of reference 4, to calculate these

Qij requires solvent-fixed thermodynamir diffusion coefficients

~10-



L;j. These depend, in turn, on the experimental volume-fixed mutual
diffusion coefficients, chemical potential gradients, and volumetric data.
Also required are the equivalent (electrical) conductances and ionic
transference numbers. Values of the li‘ are available for NaCl,3

although they could be refined slightly by including more recent data for
some of the input quantities.7’58—61 However, due to a lack of published
transference numbers for SrClz, we canno:. calculate Qi' for that salt,
and, thus, we cannot test these promisingi approximation methods for

NaCl-SrClz-Hzo at this time.
A fourth and possibly useful (but perhaps less accurate) approach is to

estimate the ternary main term thermodynamic dlffu510n coefficients L

from their correspondlng llmltlng binary solution L . The cross term

coefficient L 12 (which equals L l) could be estimated from the

infinitely dilute solution approximatior which is given as equation 73 of

reference 4. From these estimated L i the solvent fixed D;. can

be calculated by u51ng

) (10)

v ]
(8,5 - iéZEB) D, ; i, 5=1,2 (11)

Here 1 and 2 denote Nat and Sr2+, respe:tively, 3 denotes Cl~, d&yj

is the Kronecker delta, Vk3 is the part:al molal volume in cm’emol-1
(given in Table I) of an electrolyte k3 whaose cation is denoted by k, and

M3 is the chemical potential of electrulyte k3.
Table X compares our experimental volume-fixed Di' to two of the

estimation procedures mentioned above: (1) the Nernst-Hartley limiting

equation and (2) equating main term diffusion coefficients to their

-1 4-



corresponding binary solution diffusior coeff‘icients7’58 at the total

volumetric ionic strength of the mixtures (obtained graphically) with their
cross terms set to zero. Several things should be noted:

(1) Both approximation methods predict values for Dll (the NaCl main term)
that are too high, although the Nernst-Hartley method is slightly
better. Errors range from +9 to +17% for the Nernst-Hartley values
(average prediction error of +12%), and range from +9 to +29% for the

binary solution approximation at tr2 same ionic strength (average of
+18.5%).

(2) For 022 (the Sr012 main term), neither method is obviously superior,
although the binary solution approximation at the total ionic strength
is slightly better. Both methods gpredict values of 022 that are too
large. The Nernst-Hartley equatiors do better at wl=1/3, but the
binary solution approximation is bester for 022 at wl=1/2 and 2/3.
Errors for the Nernst-Hartley equations range from +16 to +18% (average
of +17%), and for the binary mixing approximation range from +6 to +24%
(average of +14%).

(3) The Nernst-Hartley equations predic: values of 012 that are too high

in four cases, and too low in two others. Errors for the Nernst-Hartley
equation range from -8 to +86% (average absolute error of +25%). The
worst error is for EI+EZ:O'5 mol-drn“'3 and wl=1/3; without it the

average prediction error drops to 13i%. The binary solution
approximation at the total ionic strength has prediction errors of -100%

since it incorrectly sets cross tern Di.:O at all concentrations.

(4) The Nernst-Hartley equations predicl. values of Doy that are too high
at 51+52=D.5, but gives low predict:=:d values at 1.0 mol-dm—B. Errors
at 0.5 molodm-3 range from +15 to +!3% (average of +23%), but at 1.0
mol-dm-3 range from -1 to -10.5% (average of -7%). The binary
solution approximation has predicti.n errors of -100%.

-10-



The Nernst-Hartley equation predicts values of D11 better than the
binary solution approximation, whereas the opposite is true for 022”
However, the Nernst-Hartley equations must be considered the overall better
approximation since they give cross-term Dij that are in semi-quantitative
agreement with experimental values, in contrast to the binary solution
approximation which equates them to zero. It should be noted that for
51+52:1.0 mol-dm_3 and w.=2/3, the Nerns:-Hartley equation predicts values

1
of D12 and D?l that are nearly in exact agreement with experiment.

In general, neither of these methods yields particularly accurate
results. The various other estimation procedures will be considered in more

detail when additional ternary solution fiffusion data become available.
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Table 1. Parameters from Taylor Series [.xpansion of Densities About Mean

Compositionsd
Cl* Cz* q" Hy lo ag(d) Vl Vz VU
0.33333 0.16667 1.033236 0.039527 0. 34714 1.3x10_5 18.961 23.869 18.058
0.25000 0.25000 1.041160 0.039615 0. .34732 l.7)(10—5 18.874 23.852 18.059
0.16667 0.33333 1.049093 0.039264 Q0. .33477 2.2)(1,(3_5 19.217 25.097 18.050
0.66667 0.33333 1.068492 0.038115 0.133541 l.[])(ll]-5 20.357 25.021 18.041
0.50000 0.50000 1.084l144 0.038307 0.1.32578 2.E]xl[]-5 20.162 25.982 18.039
0.33333 0.66667 1.099730 0.038173 0.L32175 2.1X10_5 20.292 26.380 18.035

*
qsub 1 denotes NaCl, sub 2 denotes SrCl., and sub O denotes H20. Units of c, are

-3

-3 * -3 3 -1
molsdm ©, of d and o(d) are gecm ~, of Hi are gedm emol “ecm

and of Vi are cmoemol L.



Table II.

Concentrations and Total Fringe

mole-dm=>

NaCl-0.16662 mol-dr~

Numbers for 0.33315
SrClp-Hp08

Experiment
Number 1 2 3 4
1 0.33314 0.33314 0.33316 0.33316
co 0.16662 0.16662 0.16662 0.16662
Acy +0.00002 +0.01887 +0.07557 +0.10015
Aco +0.03438 +0.02673 +0.00669 0.00000
a] 0.00021 0.19995 0.80006 0.99992
At 36.0 37.7 25.8 20.8
Jexp 87.51 84.70 85.06 50.07
Jeale 87.38 84.89 84.97 90.10

aSub 1 denotes NaCl and sub 2 denotes SrClz. Units of Ei and Aci are

, of At are s, and of J are fringes.

mol-dm‘j



Table III. Concentrations and Total Frirge Numbers for 0.24987 moledm=3
NaC1-0.24993 moledm=3 SrClgp-H,08
Experiment
Number 1 2 3 4 5
El 0.24986 0.24988 0.24985 0.24985 0.24990
EZ 0.24993 0.24993 0.24995 0.24994 0.24991
Acy +0.01893 +0.01896 +0.04740 +0.07584 +0.09675
Acy +0.02685 +0.02684 -0.01677 +0.00673 +0.00004
@] 0.20030 0.20061 0.50099 0.80006 0.99884
At 22.5 36.8 8.6 30.8 23.9
Jexp 84.78 84.66 34,68 84.98 86 .80
Jeale 84.69 84.70 34,79 84.94 86.79
45ub 1 denotes NaCl and sub 2 denotes Si:l.. Units

are moledm™

3

of At and s,

and of J are fringes.

of c. and Ac. are
i i



Table IV. Concentrations and Total Fringe Numbers for 0.16657 moledm=>
NaCl-0.33325 moledm™> STClo-H,02
Experiment
Number 1 2 3 4
c1 0.16657 0.16657 0.16658 0.16657
Ez 0.33326 0.3332¢ 0.33323 0.33326
Acy +0.00002 +0.0190" +0.07635 +0.09545
Acy +0.03327 +0.0265 +0.00668 -0.00001
a) 0.00017 0.2020u 0.80138 1.00018
At 37.9 28.3 37.4 28.9
Jexp 83.52 83.71 84.63 84.48
dcalc 83.57 83.68 84.47 84.61
aSub 1 denotes NaCl and sub 2 denotes 51512. Units of Ei and Aci are

mol-dm—}, of At are s, and of J are fringes.

-25-



Table V. Concentration and Total Fringe Numbers for 0.66707 moledm=>
NaC1-0.33358 moledm=> SrCl,-Hp0)@

Experiment
Number 1 2 3 4
El 0.66705 0.66707 0.66709 0.66709
62 0.33356 0.33358 0.33361 0.33358
Acy -0.00005 +0.01848 +0.07400 +0.09147
Acy +0.03202 +0.02622 +0.00664 +0.00002
@y -0.00056 0.19941 0.79738 0.99951
At 38.1 37.9 24.4 31.1
Jexp 78.11 80.59 80.45 79.08
Jealc 78.42 80.25 80.35 79.23
4Sub 1 denotes NaCl and sub 2 denotes SiCl.. Units of Ei and Ao:.l are

mol-dm_3

2

, of At are s, and of J are fringes.



Table VI. Concentrations and Tgtal Fringe Numbers
NaCl-0.50052 mol-

dm=> SrCly-Ho02

for 0.50053 molsdm=3

Experiment
Number 1 2 3 4
cy 0.50056 0.5005) 0.50055 0.50051
EZ 0.50054 0.5005 0.50051 0.50051
8cy +0.00001 +0.0185" +0.07480 +0.09426
Acy +0.03325 +0.0265( +0.00658 +0.00008
a] 0.00013 0.1974% 0.79%e6 0.99768
At 31.0 34.7 28.9 26.2
Jexp 81.38 80.38 80.19 80.87
Jeale  81.20 80.62 80.11 80.90
8Sub 1 denotes NaCl and sub 2 denotes Srﬂlz. Units of Ei and Ac.l are
mol-dm-B, of At are s, and of J are friiges.
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Table VII. Concentrations and Total Fringe Numbers for 0.33331 molsdm=>
NaCl-0.66666 moledm=> SrClp-Ho02
Experiment
Number 1 2 3 4
El 0.33332 0.33330 0.33330 0.33332
EQ 0.66670 0.66666 0.66662 0.66666
Acy 0.00000 +0.01697 +0.07575 +0.09528
Aco +0.03306 +0.02621 +0.00648 +0.00001
al -0.00000 0.18441 0.80342 0.9997/9
At 39.0 34.9 30.8 23.0
Jexp 80.36 78.25 80.09 80.98
Jealc 80.42 78.17 80.12 80.98
9sub 1 denotes NaCl and sub 2 denotes SrCl,. Units of Ei and Ac, are

moledm”

3

, of At are s, and of J are fringes.



Table VIII.

Diffusion Coefficients anil Refractometric Data at él+22=0-5

moledm=3 a
c} 0.33315 0.24987 0.16657
¢, 0.16662 0.24993 0.33325
co 54.806 54.782 54.760
my(C1,C9) 0.33742 0.25318 0.16885
mo(C1,C2) 0.16876 0.25324 0.33781
Ry 899.60 896.05 886.60
Ry 2540.92 2522.78 2511.31
S, 267.54 271.83 278.31
s_ 337.98 329.01 315.39
Sp -62.79 -60.79 -60.00
10°xDy 1.3502+0.0068 1.2935+0.0154 1.2454+0.0689
10°xD1 7 0.3721+0.0030 0.2603+0.0034 0.1022+0.0029
10°xDy; 0.0598+0.0003 0.0850+0.0007 0.1073+0.0034
10°xDy7 0.9223+0.0068 0.9836+0.0154 1.0510+0.0643
10°xD] 1 1.3593 1.3002 1.2499
10°xD] o 0.3819 0.2675 0.1070
10°xD5; 0.0644 0.0917 0.1163
10°xDoy 0.9272 0.9908 1.0606

qnits of c; are moledm

fringes-dm3-mol—l, of s, and s_ are cm_l-s

2 -1
Cm s .

Sub 1 denotes NaCl, sub 2 STCl,, and sub O H

3, of m; are mol-bg

-29-
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Table IX. Diffusion Coefficients and Refractometric Data at él+32=1.0
mol-dm-3 8

c1 0.66707 0.50053 0.33331
cy 0.33358 0.50052 0.66666
co 54.207 54.157 54.097
my(S1,Co) 0.68300 0.51303 0.34201
my(C1,02) 0.34155 0.51302 0.68406
Ry 865.81 856 .20 849.71
R 2450.47 441 .81 2432.68
S, 268.50 274.03 277.39
s_ 346.63 333.88 325.95
Sp -63.68 -62.56 -62.02
109xDy 1.3068+0.0065 1.2302+0.0108 1.1860+0.0401
10°xD; o 0.4765+0.0036 0.2956+0.0022 0.2007+0.0035
10°xDy) 0.08000.0005 0.1144+0.0007 0.1385£0.0031
10%xD97 0.9127£0.0072 0.9986+0.0119 1.0548+0.0430
10°xD7 1.3263 1.2444 1.1955
10°xD1 5 0.4987 0.3120 0.2116
10°xD5; 0.0898 0.1286 0.1574
10°xD59 0.9238 1.0150 1.0766

aUnits of c; are mol-dm-j, of m. are mol-kg_l, of Ri are

Fringes-de-mol_l, of s, and s_ are emLes

Dy

H,

are cmz-s_l. Sub 1

]
0.

denotes

NaCl, sub 2 SrCl

172

, and of

2l

and sub O



Table X. Comparison of Experimental Djj to Simple Estimates for
NaC1-5SrCl,-Hy0 ”

El=0.33315 El=0.24987 C,=0.16657 ¢, =0.66707 élzo.sooss El=0.33331

02:0.16662 02:0.24993 CZ:U 33325 02:0.33358 CZ=0'50052 02:0.66666

Experimental

109xDy 1.3502 1.2935 1.2454 1.3068 1.2302 1.1860
10°xDy 7 0.3721 0.2603 0.1022 0.4765 0.2956 0.2007
10°xD) 0.0598 0.0850 0.1)73 0.0800 0.1144 0.1385
10°xDyy 0.9223 0.9836 1.0910 0.9127 0.9986 1.0548

Nernst-Hi:rtley

10°xD13 1.467 1.422 1.306 1.467 1.422 1.386
10°xDy 2 0.474 0.312 0.185 0.474 0.312 0.186
10°x0p] 0.079 0.104 0.124% 0.079 0.104 0.124
_ 10°xD99 1.073 1.162 1.222 1.073 1.162 1.232

Binary Djj Estimates

10°xDy | 1.478 1.482 1.48: 1.503 1.516 1.530
107xDy 7 0.0 0.0 0.0 0.0 0.0 0.0
10°xD7} 0.0 0.0 0.0 0.0 0.0 0.0
109xD55 1.110 1.112 1,110 1.127 1.137 1.146

Anits of Ei are moledm™ and of D, ; are cnZesh, Binary D, .
estimates are made for the total ionic strength of the mixture.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Mutual diffusion coefficierts of NaCl-SrCl7—H20 at 25°C

and infinite dilution as a function of the molarity fraction
of NaCl, calculated from the Nernst-Hartley equations. NaCl

is denoted by 1 and SrCl2 by 2.

Experimental mutual diffus:.on coefficients of

NaCl-SrCl7-H20 at 25°C and a total molarity of 0.5
3 7

moledm ~. NaCl is denoted by 1 and SrCl, by 2.

Experimental mutual diffusion coefficients of

NaCl—SrCl?—HZO at 25°C and a total molarity of 1.0
3 7

moledm . NaCl is denoted by 1 and SrCl7 by 2.
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